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It is evident f rom the papers  presented at this meeting 
that the recent studies carried out in the field of compara- 
tive enzymology have stimulated an interest  in the evolu- 
tion of enzymes. I wish to summarize briefly some of the 
concepts and conclusions which appear to have developed 

some of my own views on certain aspects  of enzyme evolu- 
tion. % 

' of biochemists'in comparative work were  centered on 
wielding together the ''unity hypothesis''. This  was a 
lief that biochemical activities of all organisms proc 
along generally s imi la r  lines. There is no question 
t h i s  u'nity hypothesis has  been confirmed and that it 
become a basis f o r  the notable advances in biochemi 
as well as for  the foundation of an understanding of 

1 
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- *  

during the course of these meetings, I will a lso present  * i  

i . ,  

Beginning in  the late nineteen twenties, the in te res t s  
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\ -, anisms i n  enzyme evolution. 
I 

A s  has  already been discussed in  these meetings, i t  ' . .. . I  
' I  

" is reasonable to assume that the evolution of enzynies (or 
ay  represents  only 
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a ininimal change conipared to the vast  changes that must E F have taken place before -the occurrence of most primitive 
forms of life that now exist. In our  discussions, we a r e  
not dealing with how the various types of enzymes a rose  
but pr imari ly  with the modification during evolution of a 
given type. 

' servative,  This has been necessarily so  because th 
, have been limitations to change owing to the res t r ic  

imposed by the cofactors (coenzymes, metals,  etc.). 
1 The vast number of comparative studies has clearly 
I indicated that there has been practically no evolution of 

possible because a large number of enzymes require the 
same cofactor, In our studies with pyridine nucleotide 

B' 
6 
1 

+' ""7 Enzynie evolution, i n  general, h a s  been ,h-e& con- 

__--. 
' >  coenzymes. In m y  opinion, coenzyme alteration is not . 

.. 
I 1 1  analogues, we found that although some of the coenzyme 

analogues could replace the natural coenzyme with cer -  
I : i  

tain DPN-linked enzymes, other dehydrogenases were 
unable to reac t  with the analogue. This is illustrated in 
the reaction of the acetylpyridine analogue of D P N  with 

. 1  

; 
i a s e r i e s  of rabbit dehydrogenases (Table I).' Hence, 

. *  - i f  3-acetylpyridine were to replace nicotinamide a s  a 
vitamin, then a change in s t ructure  in  all enzymes re -  
quiring D P N  must be made to accommodate the acetyl- 

nucleotide-linked enzymes in most organisms, i t  would 
seem unlikely that all the enzymes could mutate in  unison 
i n  order  to be able to r eac t  with the new cofactor. There- 

to the extent that the mutated form can still react  with 
i t s  cofactor. Dr. Smith h a s  already emphasized that even 
though considerable chanke has taken place in the cyto- 
chrome c obtained from different species,  a l l  cytochrome 
'c 's still have the same unique oxidation-reduction poten- 
tial, react with cytochrome oxidase, and a r e  not autoxi- 
di zal)lc. 

We should also consider the relationships of enzymes 

- 1  . pyridine DPN. Since there a r e  several  hundred pyridine 

# 

fore,  the evolution of dehydrogenases can proceed only - :  

i 

, 

that do not have prosthetic groups. This question is of . . - .. + 

interest, as indicated by the lively exchange'of views be- 
tween Dr .  Watts and Dr .  Smith with regard to the homolagy 
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TABLE I 

Rates of Reaction of the 3-Acetylpyridine Analogue of DPN 
with D iffe rent Habbi t De hydrogenases* 

. 

407 

Dehydrogenase 

Rate of AcPyDPN 
compared to DPN 

(%I 
- 

Liver alcohol 
Livgr glutamate 
Heart mitrocondrtal malate 
Muscle lactate 
Muscle D-glyceraldehyde-3-phosphate , 
Heart lactate 
Liver /3 -hydroxybutyrate 
Muscle (Y -glycerophosphate 

4 50 
150 
125 

22 
10 
4 - < 1  
0 

! * From N, 0. Kaplan (l), p. 244. 
\ 
; 
r 

' of the subtil isins with the animal proteases. Whether all the 
proteolytic enzymes had a common origin is unanswerable 
at this time:. The proteases  are characterized by a diver- 
s i ty  in specificities, and one might expect sequence differ- 
ences  in  the enzymes examined, Furtherinore,  as Dr .  

' 8  Smith has  pointed out, the subtil isins themselves show 
considerable variation in pr imary  s t ructure .  Evolution- 
a r y  changes in enzymes that have no cofactor require- 
ments  or with a broad specificity might be expected to 
occur  at much faster r a t e s  than in enzymes that utilize 
cofactors and Also i n  those which have definite substrate 
requirements essential  f o r  the maintenance of normal met- 
abolic activities, In this connection, it is noteworthy that 
egg ovalbumin, serum albumin, and egg lysozyme4 ap- 
pear. to be evolving at a much faster rate than intracellu- 
lar enzymes. 

eiizyines catalyzing the s a m e  function, as well a s  among 
enzymes within a given group (i,e,,  the various dehydrogen- 
ases), would be to elucidate and compare the pr imary 
s t ructures ,  The work ow'cytochrome c clearly shows the 
value of such a n  approach. To obtain meaningful data on 

..' _. 
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2 3 

I 
The most  reasonable way to show relationghiys among 

e v 01 u ti o na r y re la ti s h ips , h ow eve 1' , i t i s i in po 1' t a n t to 
have the sequence n large nuniher of s imi l a r  enzymes, 
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Conclusions drawn f rom sequence comparisons of five or 
: I M c  ' ' six cytochroine C'S are' not so valid o r  even so interesting 

as when 25 or 301 'pr imary s t ruc tures  have been deter-  
mined, I believe that Dr. Smith has  emphasized this point, 
One 

I 

an amino acid differ- /-/ ,+ , 
I of a phylum, class, /;c ! 

: 
examine a number of members  

be f o re s t r  e ssi ng di f f e re n c e s , 
1 As mentioned throughout this  symposium, there are 2 .  I 

i s evera l  million different living organisms and perhaps i 
I i 
i f  

. ' 100,000 different proteins in each organism. The purifi- 
cation and Sequencing of large numbers  of enzymes from 

' '\ . different organisms seem logistically and financially im - 
niques will certainly accelerate our  rate of determination 

I 

.. ' possible a t  this time, although improved automated tech- 

of pr imary s t ruc tures  of enzymes. Hence, we must  r e ly  
.on information from sequencing selected enzymes. Se- 
quencing cannot be done with any precision on enzymes 
whose concentrations are low or  where there  is a scarci ty  
of material. 

Several  methods have been used recently to show rela- 
tionships among various groups of organisms. Catalytic 
comparisons sometimes yield data that are useful in  show- 
ing these relationships, For example, the ruminants are 
the only group of mammals  with a DPNase which is strong- 
ly  inhibited by isonicotinic acid h y d r a ~ i d e , ~ ' ~ ' ~  This inhibi- 
tion appears  tb be a character is t ic  of all members  of the 
ruminant suborder,  and indicates a subtle difference in 
s t ructure  of the DPNase as compared to other mammals. 
The DPN and T P N  analogues can be used effectively to 
show that members  of a given group have catalytically s im-  'r; . . . , ,  

ilar dehydrogenases. In fact, these catalytic comparisons ., ,. . 
at t imes can be used to show relationships of.questionable 
or  unclassified species. It s e e m s  bet ter  to classify the H 
o r  M lactate dehydrogenase (LDH) enzymes on the basis of 
their  catalytic propert ies  ra ther  than their electrophoretic 
properties,'u,siiice c h a n h s  in  physical properties a r e  more 
ap t  to occur  than changes in catalytic properties in closely 

J 

related organisms, 
In our studics, we have observed differences in I 

... 1 . 
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. .  catalytic pa rame te r s  of the same  enzyme from different 
organisms. There is nd doubt that, in  general ,  during the 
course of the evolution of a given enzyme, catalytic changes 
have occurred, ,  Cytochrome c, however, f rom different 
species  s e e m s  to r eac t  identically with cytochrome oxidases 
f rom different sources ,  Hence, yeast  cytochrome c reac ts  
as well with the mammali n cytochrome oxidase a s d o e s  &d mammalian cytochrome . The cytochrome c'example 
can be considered a n  exception, since i t  can bgreplaced  as 
a n  acceptor by a nuniber of dyes or  even ferricyanide.' The 
cytochrome can  function as long as it has the co r rec t  redex 
potential and is autoxidizable. It will be of considerable in- 
t e r e s t  to compare sequences of enzymes with different 
catalytic propert ies  and specificities. I am biased toward 
comparative sequence studies of a n  enzyme where differ- 
ences  in  catalytic propert ies  have been shown to occur dur- 
ing evolution. Froin an  evolutionary point of view such 
studies should prove to be valuable, but they a l so  may be 
important in elucidating the intimate mechanism of action 
of the enzyme. 

Physical measurements  can be used to compare homol- 
ogous enzymes. Studies carried out in  our  laboratory, pri-  
mar i ly  by Dr.  Allan Wilson, have shown that heat stabil i t ies 
of enzymes can be used as effective c r i te r ia  to show the re- 
lationship of different groups of organisms, The H type 
LDH's  in birds, as well as in the higher repti les,  are con- 
siderably mork heat stable than those in other vertebrates,  
Electrophoretic migration of enzymes can be applied for 
comparative studies. Nearly all mammalian H type LDH's  
migrate very rapidly, and as such can be distinguished f rom 
the same  type of enzyme in other  vertebrates.  In Table II 
are summarized the changes in heat stability and in elec- 
trophoretic migration of the H type LDH in the ovolution of 
the vertebrates. '  

I t  should be emphasized that conclusions such  as drawn 
f rom the table cannot be made Irom analyses  of a few mem- 
bers  of a group but that, a, ra ther  large sampling must  be 
made. For 'example, approxiniately one hundred different 
mammalians hive  been investigated with respect to their  H 

' L 
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type LDH, and only a few have been found not to have the very 
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Temperature Stability and Electrophoretic Mobility of 
HI Lactate Dehydrogenase* 

Inactivation Electrophoretic'  
Taxonomic group temperature mobility 

Neognathoup Birds  

Passer i formes  (6/67) 74 
I Piciformeg (3/7) 79 

Apodiformes (1/3) 77 

' Coraciiforrnes (2/9) 80 
; Trogoniformes (1/1) 68 

Caprimulgiformes (1/5) > 63 
' Strigiformes (1/2) 68 

Cuculiformes (2/2) 80 
Psi t taciformes (1/1) 67 
C o lu m b if o r me s (2/2) 76 

63 
77 

Gruiformes (2/12) 
Galliformes (1/3) 
Falconiformes (3/5) 78 
Anseriformes (1/2) 76 

Pelecaniformes ( U s )  80 
76 
79 

Procel lar i i formes (2/4) 
Podicipediformes (1/1) 
Gaviiformes (1/1) 80 

I 

Charadriiformes (6/15) 77 

Ciconiiformes (1/7) 79 

Sphenisciformes (l/l) 79 

80 

Struthioniformes (1/1) (ostrich 80 

Paleognathous Birds  
* Tinamiformes (P/l) 

Rheiformes (1/1) (Rhea) 79 

1.8 
2.8 
2.2 
0.2 
2.2 
0.2 
2.5. * r 
2.4 
2.9 
2.2 
1.5 
2.2 
2.8 
2.1 
2.1 
2.1 I - ,  

1.7 
1.5 
1.5 

, *  

I 

1.8 I , ' 

2.0 4 , ' ,> 
I 

Higher Reptiles 
Caiman, Caiman crocodilus 
Lizard, Igiiaua igttana 
Lizard, Varanirs flavicens 
Snake, Natvix sp. ' i 

Snake, Crotalus atrox 
Snake, Conslrictor constrictor 

:. 
. k  

+ I  

Lower Reptiles 
' Snapping turtle, Cltelyd>'a s e r p e n i i s  

Painted turtle, CIiryseniys  picla 5.7 4 % '  

I Cooter turtle, Pseudemys s 6.3 
Soft-shell turtle, Trionyx ferox 

I- - 

J 
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' TABLE XI (Cont'd.) 

Ma m m als 
Man 
Domestic cow 61 , 12 
Domestic pig 61 16 I 

Laboratory rabbit 65 12 f 
, Laboratory mouse 60 15  b I 

Laboratory r a t  60 -15  

Short-tail shrew, Blni'iwa brevicartda 66 7.7 
Opossum, Didelphis vii'giniuiia , 6o . 

' Squi r re l ,  Scirir-rrs carolirierisis 68 15 
j European hedgehog, Ehucerls eirrobaeirs 65 13  . 

15 
1 5  Kangaroo, l\lncroprts roohirslns 69 

Am phi bians * ,  
10 

3.4 
Bullfrog, Rnirn ccitesbinw 52 
Leopard f rog ,  R u m  pipieris 56 
Toad, Bi(o iuusirzirs 65 7.4 , 
Congo eel ,  Aiirplihriia tridaclylrrirt 68 11 t q  

s .. 

e 
/ . .  Bony Fish 

' Sturgeon, Acipeitsel' lr'cirisrrioritartits 62 
63 Haddock, Jlelnrwg m i i i  riiirs acgle'iilaiis 

b .  Mackerel, Scoiiibei' scimibnrs 

Cartilaginous Fish 
Seven-gill shark,  A%~ohy1chs 

Spiny dogfish, Sqirnlirs ncciritliias 
rltncrrr(lirtrll 

1 %  

. Chimaera,  ~ ~ y d r d c g r r s  collei < 65 
Cy c 10s lo m e s 

Lamprey, Pelroiiiyzoii rriai*irrrrs 
Hagfish, ,!$&(it a'elrrs slortl z' < 65 4.8 I 

I___- -- --- 
. 4 From N. 0. KapIan (1) pp. 268-269. ,':+ 

I 

8 )  rapidly migrating enzyme. I t  is of interest  that the excep- 
I .  

tions have turned out to be in closely related species. One 
might expect to find some deviations in physical properties 
of an  enzyme in a given group of organisms and in  particu- 
lar  the electrophoretic parameters.  However, i f  enough 
species are examined, I believe that an enzyme can he' 

order) by i ts  physical properties. On the other hand, the ' 

exceptions may be interesting since they may represent 

, .  8 \ 

... characterized for a given group ( L e . ,  class ,  order ,  sub- ' . t i  . ~ - 

3 

.. I 



i 

. -~. . 

. '  _ .  . 

..... ... 

. .. 
' '*, 

* *  

.: , I 
i .. 
I 

.. . N. 9. KAPLAN 
I 

412 I 

some unique change in p r imary  s t ructure  that resulted in 
a distinct alteration of properties.9 

Immunological methods can be, applied to study rela- 
tionships of a n  enzyme. We have used the microcomple- 
ment  (C? ) fixation method developed by Wasserman and 
Levine" in ou r  Department, This  method has proven to 
be very useful in  distinguishing small  differences among 
homologous proteins, Compared to other  immunological 
procedures ,  the micro  C' fixation assay  has  considerably 
more  resolving power, as i l lustrated in Table IIL8 With 
this  sensitive method, Professor  Levine and his  associ-  
ates have be"& able to distinguish single amino acid differ- 
ences  in hemoglobins.ll Dr. Stanley Mills,. at the Uni- 
vers i ty  of California at San Diego, has  been able by this 

. 

TABLE III 

Comparison of Sensitivity of Immunological Methods* 

' 2 .  

Antiserum antigen fixation fixation reaction 

Anti - human Human \ 

An ti -human ' Chimpanzee 

Anti-chicken Turkey 

hemoglobin A1 hemoglobin S 41 86 100 . 

, serum albumin serum albumin 52 97 89 

C r o s s  reaction 

Quantitative 
Heterologous Micro C' Macro C' precipitin 

{ ovalbumin . ovalbumin 3 89 96 
Anti-chicken Turkey 

Ha LDH HI LDH 32 112 9 1  

4 From N. 0. Kaplan (l), p. 262. 

method to recognize one arnino acid change in the makeup of 
Escherichia coli tryptophan synthetase. The technique has 
been applied successfully to show the r e l a t ionh ip  o f ,  
growth hormone" and serum albumin4 in the prinlates. We 
have been able to show species  relationship of a number of 
enzymes by the C 9  fixation m e t h ~ d . ' ~  
pressed and I must s a y  soniewhat'surprised by the  good 
correlation obtained by this immunological enzyme approach 
and thc kiiown taxononiic classificatioiis. An example of this 

I have been im- 

n 
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TABLE IV 
Complement Fixation by Antiserum Against Chicken H 

Lactate Dehydrogenase* 

. .  

An ti$erum 
Amount 

3 Antiserum 
Amount 
Required fo r  Required for 

Taxonomic group 50% C' F Taxonomic group 50% c' F 
Galliformes 

1.0 swift 2.6 
I Hummingbird 2.7 

Apodi fo r me s 
Chicken 

Falconiformes 
Hawk 1.5 Psit taciformes 
Sparrow hawk 1.5  Parakeet  2.8 j 

Pelecaniformes , Strigiformes . 
1.6 Owl 3.0 

Piocel lar i i formes I Ciconiiformes 
, Wilson' s petrel Heron 3.0 
Cuculiformes Rheiformes 

, I  Snake bird 

I Rhea 3.1 
1 An serif o r m e  s Podicipediformes 

Duck Grebe 3.5 
Goose 

Co raciif o r m  es Piciformes 0 .  

Kingfisher ' 2.0 Woodpecker 4.2 

6 '  Pigeon 2.3  Cuckoo 5.7 

Turaco 

Columbiformes Cuculiformes 

Trogoniformes C haradriif o r m e s  
Quetzal 2.3  Woodcock > 7.0 

Gull 8.0 
M u r r e  > 9.0 

Gruiformes Passer i formes  
Crane 8 2.4 Vireo > 7.0 . 
Rail 2.7 Sparrow 5.0 ' 

Warbler > 8.0 

I * From A. C. Wilson and N. 0. Kaplan (13),  p. 337. 

correlation is given in Table IV, with the bird H type LDH. 
In this study, the antibody was directed against  the c'rystal- 
line chicken H LDH. A s  shown in the table, theqe is good 
agreement in the relative c r o s s  reaction among different 
species  of the same order  and also the c r o s s  reaction 
values are in accordance with the assumed taxonomic dif- 
ferences.  It is essential  to have a. homologous enzyme for 
immunization in  order  to obtain meaningful data; if the anti- 
gen is pure, then the c r o s s  reactivity can be carr ied out i n  
crude extracts ;  in this way i t  is feasible to compni*e 

i 1 
I 

, I  
v 
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h Antisera to Pure  Chicken Proteins* 
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mpfement Fixation wit 

- Antiserum concentration required f o r  50% C' Fixation 

/ I  3 

Species Hc LDH Mc LDH GPD - GDH %Aldolase Jiemoglobin 
i 

I 

Chicken 1.0 1.0 1.0 1.0 1.0 - ; 1.0 
Turkey 1.4 1.2 1.0 1.0 1.0 1.0 
Duck 1.5 4.3 1.2 1.2 2.2 
Pigeon 2.3 2.0 1.3 1.3 3.6 
Ostrich 1.9 3.1 1.3 1.4 5.0 
Caiman 3.3 4.2 . 3.8 4.0 . 6.5 
Painted turtle 4.0 5.2 4.2 4.0 6.5 
Bullfrog 14 40 30 19 18 
Sturgeon 80 20 12 25 
Halibut > 200 > 50 > 100 
Dogfish > 100 > 200 > 50 
Lamprey 30 > 50 

, Hagfish > 100 > 100 
-. 

P * From N. 0. Kaplan (l), p. 263. 
.- . 

homologous enzymes in a large number of species. In 
Table V the reactivity of a number of species  against dif- 
ferent  chicken proteins i s  compared, 

logical comparisons are made. For  example, Dr. Morr i s  

Department an8 now at the University of Buffalo, has been 
able to prepare antibodies against cytochrome c. He has  
found a relatively good, correlation between c ross  reac- 
tivity using a n  antibody against horse cytochrome c and 
the taxonomic classification. However, i n  a few instances, 
marked inconsistencies have been found. Such inconsisten- 

Cytochrome c is quite a poor antigen and appears  to have 
relatively few antigenic si tes;  hence when there is an amino 
acid substitution with considerably b o r e  antigenic poten- 

* .  

Certain precautions must  be considered when immuno- 

Reichlin, formerly associated with Prof. Levine in  our u ,  
I 

c ies  haveabeen emphasized i n  these meetings by Dr .  Smith. . .  

F-J 

tial and this change occurs  in several  unrelated species, 
this would tend to overshadow the cffedts of other ant ipi i ic  
s i tes  and lead to ra'thcr s imi la r  immunological reac tivitics, 
I n  proteins such as LDH, ~ l y c e r ~ 1 ~ ~ h y d e - 3 - p h o s p 1 ~ : l t e  i e -  
hydrogenase (GPI)) , creatine kinase, ctc., where Ihere 
appt:ar to be ;t inultitucic of antigenic sites? single a m i n o  
acid changes do not havc such n profound cffccl on the 

. .  
1 .  
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micro  C' fixation reaction. In general, in comparative 
studies with enzymes that are very  antigenic, there has 
been an excellent agreement between relative c r o s s  reac- 
tivity by micro  C.' fixation and taxonbmic distances: 

I feel that the immunological method described above, 
when used properly, can be very  useful in comparative 
studies. When more  i s  known about the te r t ia ry  and qua- 
te rnary  s t ruc tures  as well as about the pr imary  structure,  
we will be able to use  the immunological methods to even 
bet ter  advantage. Before initiating sequencing on several  f 

homologous enzymes, it would be worth while to know 
whether they are immunologically distinct, Those that are 
immunologically distinct should have a pr imary  s t ructure  
which would actually make them more  interesting than those 
with identic a1 or quit e s i mi la r i ni iiiunol o gi c a1 pi- ope r t i e s . 

Based on the success  with the abnormal hemoglobins, 
there has  been a tendency in recent  yea r s  to use "finger- 
printing" as an  indicator of relationships among homologous 
proteins. This  approach can be valuable in comparative 
studies, particularly where la rge  differences i n  pr imary 

in  s t ructure  are involved (Le . ,  comparison of closely re- 
lated species) invalid conclusions have been reached, 
Comparative "fingerprinting" can be misleading i f  there h i 

are impurit ies in the proteins studied o r  if the differences I 

are iiot in changed groups. 
There i s  a l so  a danger in examining the sequence of 

one o r  two peptides of a given protein. This  has  already 
f 

i been indicated by Dr.  Har r i s  for  the GPD. Table VI (from 
Dr. William Allison) is a n  extension of the data shown in i 
Dr.  Harris" presentation, If one examines the conipara- i 
tive s tquences and knows nothing else  about the enzyme, I 

i yeast  than man. I wish to reemphasize what previous i 

speakers  have already stated-namely, that certain amino 

I 

j j 

1 .  
! 

sequence are involved; however, when smal l  differences I ;  
. 1  

, .  

L 

a t  

1 one might conclude that rabbit  is more  closely related to 

%. j acid changes in a given enzyme may occur  a t  random and 
therefore do not reflect the overall  evolutionary charnc-- 
tc r i s t ics  of the protein. If one compares  the iini~iuiiologi- 
cal propcrties of the G P D ' s  listed i n  Table V, v e r y  gOOd 
;~grrccinent i s  found 1)ctwccln the cross  rcac'iioims ::nd thc 

! 
._..-* -- - \ 

taxonoinic classificatioiis. I .  
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have found that the s ize  of this  enzyme is appreciably the 
same in  all animals  as well as in the few bacter ia  i n  which 
i t  has been studied. Since the molecular weights of the 
LDH' s are roughly 140,000 and since there are four sub- 
units, the pr imary  polypeptide chain is about 35,000. 
These comparative studies suggest that there  has been 
little change during evolution in the basic s ize  of the struc- 
tura l  gene fo r  LDK. This appears  to be t rue a l so  for  a di- 
ve r se  number of GPD' s studied; again the subunit is ap- 

I .  proximately 35,000. t 

p v  

i 

' 

Malate dehydrogenases (MDW s) from a large number 

been found to have molecular weights ranging from 60,000 
This  would again indicate a subunit s ize  

bf to between 7 0 , O O O w  ,000 and 35,000. Reports on the plant MDH's 
. -  -. give molecular weights approximating those found for  the 

,' animal enzymes. This  is also true for the N ~ U Y O S ~ ~ O ~  and. 
yeast  catalysts  as well as for most  bacteria. However, as 

the found by Yoshida15 a s  well as in ou r  laboratory, 
Buci l l~s  subtilis MDH appears  to be about twice the weight 
of the other  MDH' s and consis ts  of four subunits, Other 
members  of the Bacillus group also possess  the te t ramer ic  
enzyme; the l a rge r  MDH is also present  in severa l  other 

I ![ bacteria which may be related to the Bacillus. It is pos- 

of animals (both mitochondrial and soluble forms) have . - .  

1 4 )  16 
. e  -c 

j 

1 sible that the pr imary sequences of the Bacillus MDH' s f 
are of such a nature that they allow for the formation of a 
te t ramer ic  structure. There appears  to be no theoretical 
reasoti to r e s t r i c t  ,an active four-unit form when a dimeric  
strGctu;e is the"&edominant form foul&. However, a /k.;, i, .X -$merit s t ruc ture  f o r  the MDH has not been found. In fact, 
thete  is no con.fi;;cing evidence as y2t €or the existence of 
an  enzyme with an odd number of subunits. 

t -- A '  
I .  -*. - '\I 
1 
I , 

! 

1 
' I  
, I  
! 

j 

-- 
It  is interesting that the RrrciZZirs enzyme can be dis-  . ,  

/--- 
I sociatedcnto monomer$by acid on reneutralization the /*' "m enzyme re turns  to it's native i k r - u n i t  structure.  Mthougli _I--- 

1 

I /.. L < ,' 
1 -  

the Baci l lus  enzyme is larger ,  it  does resemble thc di-- ,' ,/ * +  z 

'/ \ 
. -- 

merit enzymes in some of i t s  catalytic properties. 
L -. - . ,  

J- _.-I . . I . .  . .  
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’. eiiase (GDH). Dr.  Corman in ou r  laboratory has  been 
I studying the dogfish GDH and details  of h i s  work have re- 

cently been p ~ b l i s h e d . ’ ~  Unlike the beef l iver dehydrog- 
enase, the dogfish enzyme shows no aggregation char- 
acterist ics.  The molecular weight of the dogfish protein 
is 320,000, which is almost identical to that given by 
Dr.  Tomkins f o r  the unaggregated form of the beef enzyme. 
Although the dogfish dehydrogenase does not show the 
changes in molecular weight, it still responds to ADP 
and GTP i n  a fashion almost  identical to that of the beef 
catalyst. l8 It thus appears  that aggregation depends on a 
unique amino acid sequence, which may or  may not be 
present in a homologous enzyme from different species. 
In the subtilis MDH there i s  no evidence that the enzyme 
a t  catalytic concentrations dissociates into a dimeric 

. 

’ form. 
Dr. Watts’ comments with respect  to the molecular 

weights of the guan#dine kinases gave some perspective 
to the relationship of molecular weight to the  evolutionary 

, ,’ , changes of a given enzyme. It s eems  reasonable to assume 
t ‘  

i j 

that the arginine kinase of invertebrates and the creatine 
kinase$ of ver tebrates  may be the result  of a modification 
of a single gene. Although the two enzymes have different 
molecular weights (the arginine kinase has  a single poly- 
peptide and a qiolecular weight approximately one-half of 
that of the creatine k i n a s s  which consists of two subunits), 
they appear to have many s imi la r  properties. Thus i t  
would appear  likely th2t subtle modifications of a gene may 
lead to a pr imary  s t ructure  that can exist i n  varying de- 
g rees  of polymerization. The finding of an arginine kinase 
with a d imer ic  s t ruc ture  emphasizes this point. I wish, 

I 

n 
p d 

, however, to reemphasize the importance of specific pri-  
. mary sequences in determining the iiumber of subunits in  

an  enzyme molecule. 

. study of enzyme evolution is whether changes in enzyme 
structure  a r e  o f  particular survival advantage to 311 orga- 
nism. Does enzyme evolution reflect positive changes-or 

Perhaps  one of the most intriguing questions in the 

. ,  

. .  
. .  

” . . .  

i. 

I .  

. .  
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are  the changes-a result of random phenomena that are time 
dependent. It has  beenlsuggested, in  par t icular  f o r  hemo- 
g lobid9  and cytochrome c:' that mutational changes in  pro- 
teins occur  at a constant rate. This  would imply changes 
without any specific physiological o r  survival implications. 

cal changes follow the laws' of natural selection. In this 
connection, it i s  of interest  to note the function of multiple 

the possible difference in function of the two major  types 

I 
1 I believe that enzyme changes as well as morphologi- 

i f o r m s  of enzymes. Prof, Wieland has  already pointed out 

I 

i 

' I  of LDH. Muscle aldolase i s  certainly bet ter  geared for  
, breakdown of fructose 1-6 diphosphate, as compared to the 

> l iver  enzyme. On the other  hand, the liver-aldolase seems  

Hence, the l iver  enzyme appears  to promote gluconeogene- 
I .  more  oriented to the formation of the fructose diphosphate. 

sis; whereas  the muscle catalyst  is so  structured as to 
function more  efficiently in glycolysis. The l iver  aldolase 
a l so  is bet ter  able to cleave fructose 1-phosphate than the 

I 

I 

i 

muscle  enzyme is; this might be expected since the l iver  1 /Ll F-. .  ea^/ convert  4 f ructose to glucose, whereas  voluntary muscle 
does not. 

' 'Papadopoulos and Velick21 have recently reported a I 
I second type of phosphoglyceraldehyde dehydrogenase in 
1 
I l iver. This  l iver  enzyme gives kinetics indicating g rea t e r  

ability to reduce 1 , 3  diphosphoglyceric acid to the alde- 
1 .  7- hyde/than is observed with the muscle phosphoglyceral- 

! /  
dehyde dehydrogenase. A s  discussed above for the aldol- 
ase, the muscle dehydrogenase characterist ically is di- 
rected toward promoting glycolysis. A number of glyco- 
lytic and related enzymes have now been found to exist in 
multiple forms ,  which have kinetic differences. These are - 

list6d in  Table VII; the existence of such multiple f o r m s  
appears  to be related to their  respective function in syn- 
thes i s  and breakdown of glycogen Examination of the cata- 
lytic propert ies  of mitochondrial and cytop1,asmic forms  of 

' a n  enzyme shows differences that suggest functional varia- 
tion between the two types, a s  with the MDH' s and the 

a1 differences certainly indicate phenomcna of n ;hrn l -se lec-  

. .  I 

i 

I t ransaminases.  Multiple forms of an enzyme with function- \ I .  3 

I 

tion in enzyme evolution, . .  

- .  

. . ' i  
- 5  
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Multiple TXpes of Glycolytic Enzyme6 

4 '  

Lactate dehydrogenase 
. Creatine kinase 

Aldolase (3) 
Phosphoglucomutase 
D-Glyceraldehyde-3-phosphate dehydrogenase ' 

Glycerol fhosphate dehydrogenase 

Hexokinase ( lucokinase) J 

Enolase 

Phosphofruc okinase? 
Phosphorylase 

k 

p! & 
! Enzyme duplication appears  to be a much more  widely 

occurr ing phenomenon than originally thought, By duplicate 
enzymes we mean multiple f o r m s  of enzymes with ra ther  

and present  i n  all members  of one species. The mouse ap- 
pears to  have two duplicate M type LDH' s, whereas,  as 
far as can be detected, only one H form exis ts  in the 
niouse.22 The haddock a l so  has  two M types; we have been 

l iminary studies,  these M LDH' s have been found to differ 
i n  only a few amino acids. The H and M types might a lso 
be considered "duplicates" and probabfy arose from aene 
duplication some time ago, but we know that the H and 
M LDH' s are very  different i n  their  p r imary  s t ructures .  

closely related enzymes such as the two M types; it i s  
noteworthy that a number of lower ver tebrates  have dupli- 
cate H type LDH' s. Table VIII l i s t s  the var ious fo rms  of 
genetic variants. 

''duplicate" enzymes, because thzy are  not present in  all 
members  of a given species and hence are s t ructural  var i -  
an t s  of a single gene. Enzyme al le les  are  now quite a 
common phenomenon and a vas t  l i terqture i s  beginning to 
build up in this particular area of enzymology. Dr.  Shnley  

. 
s imi l a r  propert ies  but different in their  p r imary  sequences 1 ,  

i 

.- -- 
\ ' able  to crystal l ize  the two haddock M LDH' s and, in pre- 

.. 

We have res t r ic ted  the te rm "enzyme duplication'' to . '  Y 

, .  :.c&J 
?'Allel$'' enzymes can usually be distinguished from 

i 
i 

Salthe, who was formerly in our laboratory,  has detected 
15 distinct a l lc lcs  of the H type LDH in different popula- 
tions of Rmiu /) i /) i(~us; however, a s  yet he has heon able to 
detect  only one vxriaiit of tlie M type enzyin;! in 311 the 

. .- , .... A .  

, .. . . .  . . . ... 

. . . - .  
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. .  
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ENZYME EVOLUTION 

- Geneti; Variants of Enzymes 

' Lactate dehydrogenase Catalytic differences significant 
Sequence differences large Creatine kinase 

Aldolase 
Phosphorylase 1 Immunologically distinct 

B. Duplicate E!nzymes. Closely Related Enzymes, 
' Due to different genes but with only slight differences 

in sequence as well as  in immunological, catalytic, and 
physical properties. Present  if different levels in 
tissues of all animals of a species. 

Alleles of the Same Gene 

I - .  
! 
i C. . >  

c 

. .  

.: ' 
.* . 

. 

.J 

. _  
. . .  

. ,  

_ .  
I .  

. Sequence differences small. But may have striking dif- 
a ferences  in  physical and catalytic characterist ics.  

populations that he has studied. The species/-which has s o  P 
far been studied in most  detail f o r  polymorphism of en- 
zymes/ is man. At least  20 different variants of glucose 
6-phosphate dehydrogenase in human erythrocytes have 

Some of these variants not only show been reported.? 
variation in their physical properties but may have very 
striking differences in their  kinetic and specificity charac- 
terist ics.  The polymorphism of enzymes has opened new 
pa rame te r s  of investigation fo r  the geneticist, ecologist 
as well as the enzymologist. 

The investigation of the functional significance of 
enzymes has  drawn considerable new strength as the resul t  
of the g rea t  interest  in a l loster ic  enzymes. T h e  fact that 
inherent within an  enzyme is a control mechanism certainly 
points to the positive aspects  of enzyme evolution. The 
purpose of this paper  is not to dwell on al loster ic  enzymes; 
however, I wish to d iscuss  briefly as an example of such 
a control mechanism the pyridine nucleotide transhydro- 
genase, which h a s  been studied in OUT laboratory €or a 
number 9f years.  T h i s  enzyme, which has been purified 
froni Pseiitloiiioticrs ~11rigii~0~~1~~ and from beef heart, 26 

3 ,  24 

'i 

. 2 -  .- 
% .> , 

L 

c a h  1 yze s the following reaction _ .  . r . .  

T P N H  i- DPN-TI'N -I- D P N H  
, , . .  - ..' 

. .. , .' 
. * I  , 



, 

. ,  
Although the oxidation-reduction potentials of the two pyri- 
dine nucleotides a r e  almost identical, the reaction i s  not 

domoizns enzyme i s  practically negligible, except in the 
presence of 2' adenylic acid, The presence of this nucleo- 
tide allows the reaction to proceed toward equilibrium not 
only in the reverse  direction but a lso in the forward direc- 
tion given by the above equation. 

With respect  to the animal transhydrogenase, the oxi- 
dation of DPNH by TPN proceeds a t  about one-tenth the 
r a t e  of the forward reaction. In the presence of ATP and 
mitochondrial par t ic les  (or  subfractions), the ra tes  of the 

- , f reely reversible.  The reverse  reaction with the Pseri- 

' t  
i 

c reaction in the forward and reverse  directions become ap- 
It i s  important to note that ATP 

! :  
, .  

( 1  . .  - 279 2 8  proximately the saiiie. 
does - not have any effect  on the purified animal enzyme. By 
control of the relative r a t e s  of reaction i n  the transhydro- 
genase reaction a mechanism i s  provided fo r  regulating the 
levels of the reduced and oxidized forms of the pyridine 
coenzymes as well a s  for controlling the flow of electrons 

in  the form of ATP through the pathway of oxidative phos- 

tial energy inherent in DPNH is utilized for  ATP formation 
through the electron t r ans fe r  chain, whereas that of TPNM 
is for reductive synthesis. Hence, when there i s  an excess 

i 
I 

1 
i 

1 

. f o r  e i ther  reductive synthesis o r  for  obtaining useful energy 

phorylation. I t  i s  now generally recognized that the poten- r I *  

, of TPNH, one might speculate that the excess  could be 1 r 
1 
I 
! '  

drawn off by t r b s f e r  to DPN and by s o  doing make possible -- 
f 

the reducing potential of DPNH for synthesis of ATP. The 
fact  that the reaction tends to go from left to right suggests 
that there i s  usual ly  more TPNH generated than required 
fo r  reductive' synthetic reactions. However, at least  with 
the animal system when there is an excess  of ATP, there 
would be a backward flow to form TPNH, which would then 
be utilized in synthetic processes.  In lily opinion the t rans-  
hydrogenase plays a vital role in balancing the ra tes  of re- 
ductive synthesis and oxidative phosphorylation. The pyr- 
idine nucleoiide transhydrogcnase i s  oiily one illustration, 
of many illustrations, which shows that the catalytic prop- 
e r t i e s  of a n  enzyme may be very important -physiologically. 
I t  will be of considerable interest  kventuallly to understxiid 
how the regulatory meclianisms of an ciizynie h:ive evolved. 

. - -  _ .  

. .  . - 2  _ .  -. 
. .  
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Visual Pigments and Depths of Habitat of Marine Fishes* 

. I  Range of Depth 
' , Species (fa thorn s) A,,,,, (mp) I '  

, 
- 1  

i 
. ( I  

, 

Sum mer flounder 2-10 503 
scup 1-20 498 
Butterfish I 1-30 499 
Barracuda 1-10 498 . 

, Cod 5-75, 496 
49 4 
480 

Cusk 10-100 
. Lancet fish ' a  > 200 

* From Wald, Brown and Brown (29). . . .  
- . .  

Perhaps  one of the most  interesting aspects  i s  the cor-  
relation of differences in propert ies  f rom different species  
of a given enzyme o r  protein with possible functional signi- 

some y e a r s  ago that the absorption inaximae of rhodbpsins 
' ficance. For example, Wald and associates2' have shown 

* -  ;. . . 
( 

from various salt water fish va ry  with the depth of the 
- e  water  i n  which the fish live, (Table IX). Hence, there ap- 

pears to be an  excellent correlation between the type of 
light available and the absorption maximae of the chromo- 

i '  phoric group of the rhodopsins. Since the chromophore in 

i 
+ 

vitamin A1 aldehyde, the changes are 
differences in sequences of the vari-  

lead to s t ruc tures  that give 
between the protein and the 

; i  
1 I  

i 
1 . :  
1 
1 I 

. .  vitamin A derivative leiding to changes in  the optical 
properties.  . 

'The nature  of the enzymes in the thermophilic bac- 
teria is a l so  a subject of some interest. Do the proteins of 
these bacter ia  have unique properties different f rom those 
of the thermophilic bacteria? During the course of the 

o u r  ldmrntory ,  purified th;! enzyme from the thei'niophilic 
. organ i s ni Biic il I /  IS s L c CI reo 111 c I.' I I 2 opf! i11i.s e T 1 I is MD H I ik e 

the  enzyme from 13. s/i/)/ilis consists of four_subunits. The 
sleci~-eoLf~ci-~~ro/l~i~iis cnxynie is consides;tl)Iy mort heat 

\ 
I comparative studies on MDH, Dr .  William Murphey, i n  

j 
1 %  
I '  
I ;  
1 
t 

. . .  
L .  

1 
i 

. .  
. . .  ' 

1 .  . .  . I .  

. .  
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Fig. 1. Heat stability of purified MDH' s from B. 
srrbtilis (0) , B. stea.i.otlteriizopIzilis ( ), and E. coli 
(A).  The enzymes were  diluted in11 i sosa t r i s  buffer 
and incubated fo r  20 min at'the indicated teenpera- 
t u re s  * 0.5" ; the initial rate of oxalacetate reduction 
was then assayed at room temperature. From 

F- 
Murphey et nl., l6 p. 1557. t 

. . .. 
. .  

I 

resis tant  tha; the subtilis enzyme o r  the MDH from 
Escherichia  coli1' - (Fig. 1). Furthermore,  the _c. t h e r m x h -  
i lus  enzyme shows little catalytic activity at 30" and a Max- 
imal  at 65", which is distinct f rom the maximal activit ies 
of the other  two organisms (Fig. 2). The steai.cotl~e1'1jzo~li- 
ilus MDH is the same  s ize  and has  other  s imilar i t ies  to the 
sribtilis MDH. In my opinion the unusual character is t ics  with 
respect  to heat stability and activity 'result from a unique 
p r imary  s t ruc ture  in the tl&*im[ifiilu< bncillrrs enzyme and 

It seeins rcasonal~lc  to assumc that, a s  a whole, the en- 

- 

not f rom the interaction of sinall organic molecules or salts. . 1  .' ' 

zyme s f roni the rniopliilic organ isin s havc st ructuros tint . -  - 
'. . 

- a  . 
. .  - .  * .  
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Fig. 2. Relative initial r a t e s  of oxalacetate reduction 
by MDH' s f rom B. siibtilis (o), B. steairoll~e~llio~l~ilUs 
(a), and E. coli (A) as a function of the temperature of 
the a s say  mixture. Enzymes o r  dilutions thereof at 
room temperature  were  diluted 1:60 into the a s say  
mixture wHich had previously been brought to the in- 

I 

r 
f i  

i 
16 

) '  dicated te,mperature. F rom Murphey et al., p. 1557. 

. allow for increased heat stability and function at higher tem- 
peratures .  In this connection, I wish to point out that f ish 
living in  cold water or the cold water lobster  have LDH' s 
geared to operate at maximal efficiency a t  low tempera- 
tures.  The halibut LDH operates  at 10" much like the 

. mammalian o r  bird enzymes react  at 370. '  
Another example of the relationship of the functional 

significance of enzyme evolution can be seen in the rabbit. 
This  min ia l  is known to have a high r i s e  in  blood lactnte 
following m u s c u l ~ r  activity; i n  f x t ,  i t  has  beeq found to 

\ 

. 

be able to maintain niuscular con t rx t idn  fo r  a niuch longer __..c - 

I .. 
I 
! 
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period under relatively anaerobic conditions than do most 
mammals.  Inhibition by excess  pyruvate of the rabbit M4 
LDH is not observed even when very la rge  concentrations 
of ' the keto acid are used.' The rabbit M enzyme appears  

mammalian M types that have been studied ( i . ~ . ,  ra t ,  
mouse, beef, pig, and human). The character is t ics  of the 
rabbit  enzyme, hence, can account f o r  the elevated blood 
lactate i n  this species  following exercise.  

to be a much m o r e  effective pyruvate reductase than other . *  
9 

' 

I I '  
Before concluding, I shall discuss  another aspect  of 

Dr.  H a r r i s  has  mentioned that the lobster  GPD fo rms  large 
c rys ta l s  that have been found to be suitable' for  X-ray dif- 

! '  
* j  : comparative enzymology that is of particular interest. t f  ' 
! 

' ' I \  
fraction s tudies  by Watson and a s s ~ c i a t e s ; ~ '  a number of 
c rys ta l s  of the s a m e  enzyme from other species  have not 
been SO sat isfactory f o r  these studies. Dr.  Watson and his 
associates ,  in the Molecular Biology Laboratory a t  Cam- 
bridge, spent considerable t ime unsuccessfully attempting 
to grow large c rys ta l s  of the enzyme from mammalian 
sources.  Over  the past  few yea r s  in  our  laboratory, we 
have crystalfized over  30 different animal LDH' s. Only 
one of these, the dogfish Mq, 31 has been found to form ex- 

- t remely large crystals.  Rossmann and associates3' have 
found these crys ta l s  very  appropriate for  X-ray analysis; 
p rogress  is being made by the Rossmann group on the 
study of X-ray s t ructure ,  and we are now elucidating the 
total sequence of the dogfish enzyme, It is a l so  interesting 

j that the whale myoglobin turned out to be ideal for the X-ray 

By comparing the same enzyme from different sources,  

I 

1 

' 

solution of this protein, L .  

it is possible to study a specific catalytic or  a physical 
character is t ic  of an enzyme. F o r  example, with respect  
to the LDH' s, we were first able to locate the essential  

, because the frog M type enzyme h a s  a sma l l  number of 
cysteines, as compared to other  LDH' s.~' In many in- 
s tances  an  enzyme From one species  has been found to be 

sulfhydryl peptide involved in the binding of the coenzyme -- 

. *  . I .  particu1;trly suitable fo r  purification, because of unusual  . -  
: stability. Different stabilities also allow for the selectibn 

of an xppropriatc cnzynie for chemical modific;~tion. 
I . -- .  _ - _  

' r .  
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.. ENZYME EVOLUTION 

Scrutiny of the properties of a number of enzymes catalyz- 
ing the same  function allows for  a much better understand- 

The grea t  progress  made in  enzymology over the past  
. .  f ing of the character is t ics  of an enzyme. 

\ 
I 

few years allows for a much broader approach to the study 

comments generated during these meetings are strong indi- 
ca tors  that the study of enzyme evolution will, in the future, 

. of biochemical evolution, The papers presented and the 

$ be an  important area of biological research. Furthermore,  

I 1 1  : 1 '  , 
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